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____________________________________________________________________________________________ 
Abstract 
The ability to correlate and predict the solubility of solids in supercritical fluids is of utmost importance in different applications, 
including environmental pollution, extraction and purification of pharmaceuticals, food and natural products, and natural gas 
industry. The environmental field includes desorption of many organic compounds such as naphthalene and phenanthrene from 
soil, and detoxification of hazardous wastes. In this work, a new methodology is proposed to correlate and predict the solubility 
in supercritical CO2 of some polycyclic aromatic hydrocarbons. This methodology uses the expanded liquid theory, which the 
solid fluid equilibrium is modeled using the UNIQUAC model. The regressed coefficients of the model are calculated using an 
empiric equation that relates the interaction parameters to the solvent density. Robustness of proposed model was assessed by 
testing it on a database consisting of more than 1400 solubility data. The experimental solubility of acenaphtene, anthracene, 
chrysene, fluoranthene, fluorene, naphthalene, phenanthrene, pyrene, perylene and triphenylene were used for evaluating this new 
methodology. The results obtained using the proposed technique showed good agreement with the experimental data used. 
Keywords: Solid supercritical fluid equilibrium; Aromatic compounds; Solubility; Correlation and prediction; UNIQUAC.
_________________________________________________________________________________________ 
1.  Introduction 
Following the changes in environmental regulations; purification of pharmaceuticals products, detoxification of 
hazardous wastes and removal of many organic compounds such as naphthalene and phenanthrene from soil are few 
of many applications in which conventionally used solvents are being replaced by environmentally benign 
supercritical fluids. Among the supercritical solvents, carbon dioxide CO2 is usually preferred, since it is nontoxic, 
nonflammable, non-explosive, and readily available at low cost. Moreover its easily accessible critical conditions 
(critical temperature and pressure of 304.2K and 73.83 bar, respectively) allow for extraction at relatively low 
temperatures. The key point for the design of process equipment and selection of operating condition is the 
equilibrium solubility data. Since the experimental determination of the solubilities of various solutes in supercritical 
fluids at each operating condition is tedious, time-consuming and not reported in literatures, there is a considerable 
interest in mathematical models that can accurately predict the solubilities of solid solutes in supercritical fluids [1].
Therefore it is essential to have a model that not only can accurately correlate but also predict phase equilibrium 
properties. 
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* Corresponding authors: Tel.: +0-213-319-5107; fax: +0-213-319-7500. 
E-mail address: loubnanasri@yahoo.com (Loubna Nasri) zouhirbensetiti@yahoo.com (Zouhir Bensetiti).  
Available online at www.sciencedirect.com
Open access under CC BY-NC-ND license.
1262   Loubna Nasri et al. /  Energy Procedia  18 ( 2012 )  1261 – 1270 
Some of the models that have been used for correlating solubility data can be classified in two classes, equations of 
state based models (EOS) [2] and empirical models [3]. EOS based models require the prior knowledge of a certain 
number of parameters such as the critical properties (temperature and pressure), acentric factor and the sublimation 
pressure of the solid solute. These parameters are not available and specifically for many high molecular weight 
compounds and are calculated using group contribution methods, which could lead to solubility error prediction.  
Due to the lack of information on these properties, empirical models are often used for the correlation of 
experimental solubility data. These models are known as density-based models and consist of equations that contain 
constants that are empirically adjusted for each compound. Although simple, these models rely much on the 
knowledge of the thermodynamic behavior of the supercritical solvent rather than of the solute, and are mostly 
capable of correlating rather than predicting the solubility. They are used for quantitative determination of the solute 
solubility in supercritical phase at equilibrium, and do not provide qualitative information about the solute-solvent 
interaction.  
In this work we provide a methodology that correlates and predicts the solubility of solids in supercritical fluid 
based on the expanded liquid model theory [5, 6]. This theory does not require the knowledge of the solute critical 
properties and sublimation pressure. In this case the supercritical phase is considered as an expanded liquid and is 
modeled using excess Gibbs energy models such as Margules, Van Laar, and local composition based models i.e. 
Wilson, NRTL and UNIQUAC. In this study we focus on the use of the UNIQUAC model that has been widely 
used in modeling vapour-liquid and liquid-liquid equilibria data. This model does not only take the size and nature 
of the molecules into consideration, but also accounts for the strength of solute-solvent intermolecular forces. And 
because the primary concentration variable is the surface fraction rather than mole fraction, the UNIQUAC model is 
applicable to solutions containing small or large molecules, including polymers.  
To assess the prediction capabilities of this model, a database consisting of more than 1400 solubility data of 
polyclic aromatic compounds in supercritical carbon dioxide has been built. The experimental solubility of 
acenaphtene, anthracene, chrysene, fluoranthene, fluorene, naphthalene, phenanthrene, pyrene, perylene and 
triphenylene were used for evaluating this methodology. Two sets of data have been used for each solid component, 
namely, the training and test data sets. The training data set was used to correlate the solute-solvent interaction 
parameters of the proposed model; however the test data was used to assess its predictive capability. The regressed 
coefficients of the model are calculated using an empiric equation that relates the interaction parameters to the 
solvent density. The results obtained using the proposed technique showed good agreement with the experimental 
data used. 
 
2. Theoretical Section  
In this work we assume that the supercritical phase is considered as an expanded liquid phase in equilibrium with the 
solid phase. The solvent solubility in the solid phase is considered to be negligibly small to consider the solid 
fugacity to be that of the pure solid. To estimate the solid solubility in the supercritical phase, the knowledge of the 
activity coefficients are required. These coefficients are determined from the knowledge of the component 
fugacities, thus when the equilibrium of the pure solid and the supercritical phase is reached, we have:  
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Equation (1) could be written as follows:  
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where 2 , 2y  and 
oL
2 are the activity coefficient, the solid solubility represented in mole fraction and the fugacity 
of the pure solid solute in the expanded liquid phase respectively. According to Prausnitz et al. [7], we have:  
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Prausnitz et al. [7] stated that, to a fair approximation, the heat capacity terms can be neglected. Equations (3) and 
(4) then combined to yield an expression for the solute solubility:  
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f
2  is the enthalpy of fusion, Tm is the melting point temperature of the solid solute. Since the solid solubility in 
the supercritical phase is very small, it can be assumed that the activity coefficient of the solid solute is the one at 
infinite dilution and that the density of the solution is that of the pure solvent, i.e. CO2. Thus equation (5) becomes:   
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The activity coefficient of the solid solute at infinite dilution 2 was calculated using the UNIQUAC model which 
consists of two parts, a combinatorial part C,2 that attempts to describe the dominant entropic contribution, and a 
residual part R,2 that is due primarily to intermolecular forces that are responsible for the enthalpy of mixing. The 
combinatorial part is determined only by the composition and by the sizes and shapes of the molecules; it requires 
only pure-component data. The residual part, however, depends also on intermolecular forces; the two adjustable 
binary parameters a12 and a21, therefore, appear only in the residual part [7]: 
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Here q and r are the surface area and volume parameters; z is the coordination number that is usually taken equal to 
10. The residual part at infinite dilution is given by the following equation [7]: 
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where /T)aexp(/RT)exp( 121212   and /T)aexp(/RT)exp( 212121    (10) 
12u  and 21u are characteristic energies and are related to the interaction parameters 12a and 21a  through 
equation (10). Finally combining equations (9) and (10) leads to: 
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Equation (11) could be written in reduced form by introducing the reduced temperature, thus we obtain:  
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with  
c
12
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a
'a  and 
c
21
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a
'a , Tc is the solvent critical temperature.  
The binary interaction parameters 12'a  and 21'a  are related to the energy of interaction between the solid solute and 
the solvent in the supercritical phase, and cannot be kept constant and specifically at high pressure conditions. 
Therefore to take into account the pressure and temperature effects, these parameters are assumed to be density 
dependant and were fitted to the following equations:  
12
r1212 .'a            (13a) 
21
r2121 .'a            (13b) 
r is the reduced density of the solvent equal to / c where c is its critical density, 12 , 12 , 21  and 21are the 
regressed parameters of the model and are calculated using a parameter fitting procedure that will be discussed in 
details in the next section.  
 
3. Methodology  
For the elaboration and validation of the proposed UNIQUAC model the following steps are followed: 
Database compilation: An exhaustive polycyclic aromatic solubility database consisting of more than 1400 
solubility data in supercritical carbon dioxide was built-up for the following systems: acenaphtene-CO2, anthracene-
CO2, chrysene-CO2, fluoranthene-CO2, fluorene-CO2, naphthalene-CO2, phenanthrene-CO2, pyrene-CO2, perylene-
CO2 and triphenylene-CO2. It is acknowledged that the systems studied do not include all the data available but 
should be sufficient to provide a thorough testing of the potential of equations (6) to (13b). Table 1 shows the 
thermodynamic properties obtained from literature [8] and [9] for the different solid solutes used in this study. The 
density of supercritical fluid solvent used in this work, i.e. CO2 was estimated using the Span and Wagner equation 
of state [10], the physical properties of the solvent are given in Table 2. .      
 
Table1: Solid Solute Properties 
component structure MW(g/mol) Tm(K) J/molf2  r2 q2 
Acenaphtene 
 
154.2 368.0 21462 5.99 3.96 
Anthracene 
 
178.2 492.5 28829 6.77 4.48 
Chrysene 
 
228.3 531.4 26150 8.57 5.52 
Fluoranthene 
 
202.3 383.3 18728 7.50 4.72 
Fluorene 166.2 387.9 19580 6.39 4.22 
Naphthalene 
 
128.2 353.2 19123 4.98 3.44 
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Phenanthrene 
 
178.2 372.2 16465 6.77 4.48 
Pyrene 
 
202.3 424.2 17111 7.50 4.72 
Perylene 
 
252.3 551.3 32580 9.30 5.76 
Triphenylene 
 
228.3 470.9 24190 8.57 5.52 
 
Table 2: Solvent Physical Properties 
 
Solvent Tc(K) Pc(bar) c(mol/cm3) 
100  
r1 q1 Reference 
CO2 304.2 73.83 1.063 1.296 1.261 [7], [11] 
 
Solid solubility calculation: The surface area and volume parameters of the solid solute listed in Table 1 together 
with those of carbon dioxide were used to calculate the combinatorial part of the activity coefficient from equation 
(8). In other hand, equation (12) was used to calculate the residual part of the solid solute activity coefficient. 
Thermodynamic properties of the solid solute listed in Table 1 were used together with equations (7), (8), and (12) 
to estimate the solubility 2y using equation (6). The interaction parameters 12'a  and 21'a were then regressed 
according to equations (13a) and (13b). The regression was based on minimizing the error between the regressed 
and experimental solubility data
according to equation (14): 
100
n
2(exp)y
2(regr)y2(exp)y
n
1AARD(%)
1
       (14) 
The best adjustable parameters 12 , 12 , 21  and 21are those that lead to the lowest AARD value for each solid 
solute.  
 
Comparison with literature correlations: UNIQUAC model predicted solubility data were compared to those of five 
alternative correlation approaches available in the literature. These correlations are those of Sparks et al. [4] with 
five parameters, Chrastil [3] with three parameters, Schmitt and Reid [12] with two parameters, and Jouyban et al. 
[13] with six parameters. The fitting parameters of these correlations are evaluated by minimizing the average 
absolute relative deviation given in equation (14).  
 
Predictive capabilities of the UNIQUAC model: In order to evaluate the predictive ability of the proposed model, the 
solubility data for each component were split in two sets. The first data set is the training set on which the 
minimization routine is performed and the interaction parameters are regressed. This data set contains 70% of the 
data randomly picked up from the experimental solubility data for this component. The second data set, namely the 
test set, contains the remaining 30% data and is intended for testing the generalized capabilities of the UNIQUAC 
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model. The interaction parameters have been regressed using the training solubility data set, and then used directly 
to predict the solid solubility 2y using the test data set. The predictive ability of the model is then assessed by 
comparing the obtained AARD values for each data set and for each component.   
 
4. Results and Discussion  
Database compilation: Building up the database is the first important task of this work. This database contains more 
than 1400 solubility experimental data, collected from 35 references for 10 polycyclic aromatic pollutants, namely 
acenaphtene, anthracene, chrysene, fluoranthene, fluorene, naphthalene, phenanthrene, pyrene, perylene and 
triphenylene in supercritical carbon dioxide. Table 3 lists the different solid solute used in this work together with 
the number of solubility data points, and the lower and upper limits of the operating conditions and the references. 
Detailed information about all the complete references from which experimental solubility data were taken are 
provided in table 4.  
Table 3: Database description: 
 
Solute T range 
(K) 
P-range 
(bar) 
 -range 
(mol/cm3) 
100  
N References 
Acenaphtene 308-348 121.6-354.6 7.42-21.7 45 L35 
Anthracene 298-343.15 80-470 4.67-22.3 224 L20,L23,L28,L29, L30 
L31,L32,L33,L34 
Chrysene 308.15 84-251 1.35-2.05 11 L26 
Fluoranthene 308-348 86-354 0.66-2.12 71 L35, L26 
Fluorene 308.15-343.15 69.9-483.4 0.39-2.22 158 L18,L19,L23 
Naphthalene 308-338.05 60.79-500 0.35-2.15 285 L1-L17 
Phenanthrene 308.15-343.15 78.3-414.5 0.48-2.16 297 L12,L17,L18,L19,L20, 
L21,L22,L24,L25,L26 
Pyrene 308.15-343.15 80.4-483.4 0.83-2.27 245 L18, L19, L20,L27 
Perylene 323-333 172.3-350 1.54-2.03 19 L20 
Triphenylene 308-328.15 85-354.6 0.88-2.12 53 L35, L27 
 
Table 4: References for solubility data 
 
L1 Russian journal of physical chemistry 1964; 38: 9 
L2 J. Supercritical. Fluids. 1996; 9: 3 
L3 J. Chem. Eng. Data 1998; 43: 400-402 
L4 J. Chem. Eng. Data 1999; 48: 951-957 
L5 J. Chem. Eng. Data 1980; 25, 4, 326-329 
L6 J. Supercritical. Fluids 1988; 1: 1  
L7 J. Chem. Eng. Data 1989; 36: 4, 430-432 
L8 J. Chem. Eng. Data 1993; 38:3, 
 L9 Fluid Phase Equilibria 1992; 81:321-341 
L10 Fluid Phase Equilibria 1995, 107, 189-200 
L11 Ind. Eng. Chem. Res. 2000, 39, 4609-4614 
L12 J. Supercritical. Fluids 1995, 8, 1  
L13 J. chem. Eng. Data 1988, 33, 1  
L14 J. Chem. Eng. Data 1985, 30, 1  
L15 J. Physical Chemistry 1986, 90, 17  
L29 Fluid Phase Equilibria  2003, 207, 183 192 
L30 Ind. Eng. Chem. Res. 1987, 26, 7,   
L16 J. Chem. Eng. Data  2000; 45: 464-466 
L17 J. Chem. Eng. Data  2000; 45: 358-361 
L18 J. Chem. Eng. Data 1990;  35: 355-360 
L19 Ind. Eng. Chem. Fundamentals 1982, 21, 3  
L20 J. Supercritical Fluids 1997, 10 175-189 
L21 J. Chem. Eng. Data 1981, 26, 47-51 
L22 Ber. Bunsen. Phys. Chem. 1984, 88, 865-869 
L23 Phys. Chem. 1984, 88, 865-869  
L24 J. Chem. Eng. Data 1986, 31, 3, 
L25 J. Chem. Eng. Data  2001, 46, 5, 1156-1159 
L26 J. Chem. Eng. Data 1996, 41, 1466-1469 
L27 Ind. Eng. Chem. Res 1995, 34, 340-346 
L28 J. Chem. Eng. Data 1987, 32, 148-150 
L33 J. Chem. Eng. Data 1995, 40, 953-858 
L34 Utilisation des fluides supercritiques pour 
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L31 J. Chem. Eng. Data 1996, 41, 97-100 
L32 J. chem. Eng. Data 1997, 42, 636-640 
 
l'extraction des fullerènes, thèse: Bordeaux 1, 
France 
L35 J. Chem. Eng. Data 2000, 45, 53 
 
Model regression: As mentioned earlier, the interaction parameters 12a  and 21a  were regressed through the 
optimization of the adjustable parameters 12 , 12 , 21  and 21. These fitting parameters were evaluated by 
minimizing the objective function given in equation (14). The optimization method is based on the minimization of 
a multivariable function using a Newton+ search algorithm with forward derivatives.  
 
Model results and analysis: The analysis of the model results is done through statistical calculations. Table 5 
provides the quantitative results of the regression for the UNIQUAC model. The AARD is included for each 
polycyclic aromatic compound and is listed together with the adjustable parameters values. Each component 
parameters were obtained by fitting them on its own solubility data available in the database. The obtained AARD 
values are generally low and are indicative of a good correlation performance of the UNIQUAC model. These 
results also show that the calculated solubility data are in good agreement with the experimental ones.  
 
Table 5: Regression parameters and deviation of the UNIQUAC model 
 
Solute N 12 12 21 21 AARD (%)
Acenaphtene 45 1.67 -0.42 -4 10-3 -0.43 9.2 
Anthracene 224 2.38 -0.22 -0.35 0.61 16.8 
Chrysene 11 0.8 0.58 10.01 -4.68 1.0 
Fluoranthene 71 1.31 -0.15 1.21 -2.01 12.7 
Fluorene 158 1.10 -0.44 0.98 -1.06 8.4 
Naphthalene 285 0.95 -0.19 0.69 -2.03 19.6 
Phenanthrene 297 1.9 -0.41 -0.01 4.49 13.9 
Pyrene 245 2.19 -0.36 -0.07 1.79 5.5 
Perylene 19 2.46 -2.14 0.29 4.35 1.41 
Triphenylene 53 3.37 -0.3 -0.8 -1 10-4 4.9 
 
Comparison with literature correlations: Table 6 shows the comparisons in terms of statistical tests for each model. 
To compare all the correlations in the same basis, the average absolute relative deviation was determined for each 
component using each model. In all cases the UNIQUAC model provides an average absolute relative deviation 
AARD per component either lower or closer to the one obtained with Chrastil, Sparks et al. and Jouyban et al. 
correlations, only in case of naphthalene. The correlation of Sparks et al. achieves a median AARD of 10.5% with a 
range of 2.6% to 17.2% and the Chrastil equation leads to a median AARD of 11.3% with a range of 3.79-18.5%. 
Compared with the literature correlations, the UNIQUAC model gives in most cases better results for seven 
substances on ten with respect to Chrastil and Jouyban et al. equations. The UNIQUAC model performs better than 
the Jouyban et al. equation even with its six fitting parameters; this could be explained by the fact that this equation 
has a pure empiric basis and has no thermodynamic foundation. The Sparks et al. equation provides in some cases 
better performance than the UNIQUAC model; however, this correlation requires five parameters and is mainly 
based on empiric analysis. Moreover, this correlation rely more on the knowledge of the thermodynamic behavior of 
the solvent rather than the solute and does not provide qualitative information about the solute-solid interaction. In 
general the UNIQUAC model appears to perform on par and in some cases better than the density-based literature 
models used in this study.  
The Peng-Robinson equation of state, i.e. PR-EOS is a commonly used approach for correlating solubility in 
supercritical fluids. Schmitt and Reid [12] used this equation state for modeling solid solubilities in supercritical 
fluids but not in the traditional manner. In fact they eliminated the binary interaction parameter and they assumed 
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the solid 
the experimental data. They used this technique due to the lack of the critical properties values of solids and the low 
accuracy of their estimation methods. We found out that the UNIQUAC model used in this study provides better 
estimate of the solubility data for almost all solid solutes compared to the PR-EOS used by Schmitt and Reid [12].  
The UNIQUAC model gives a median AARD of 12.6% with a range of 1% to 19.6% compared to a median AARD 
of 17.7% and a range of 10.1%-21.5% achieved by the PR-EOS. The PR-EOS was nit applied in case of chrysene 
because of the non availability of sublimation pressure data for this component. It is recognized that this is a single 
comparison to one EOS and that other EOSs may perform better while some worse. However, we want to emphasis 
from this comparison that that the proposed UNIQUAC model provides better quantitative capabilities with one 
common EOS.  
 
Table 6: Comparison in terms of AARD values between the solid solubility predicted by the UNIQUAC model and 
the literature correlations  
   AARD (%)    
Solute N Chrastil (1982) 
(three parameters) 
Sparks et al (2008) 
(five parameters) 
Schmitt and Reid 
(1985) 
(two parameters) 
Jouyban et al 
(2002) 
(six parameters) 
This work 
(four 
parameters) 
Acenaphtene 45 7.7 5.0 11.8 7.7 9.2 
Anthracene 224 18.5 17.2 19.4 17.4 16.8 
Chrysene 11 4.7 4.2 - 1.4 1.0 
Fluoranthene 71 13.7 12.5 19.8 14.0 12.7 
Fluorene 158 7.4 7.1 16.4 9.7 8.4 
Naphthalene 285 12.8 12.6 17.6 12.9 19.6 
Phenanthrene 297 12.7 11.7 21.5 14.4 13.9 
Pyrene 245 6.0 5.2 14.0 7.4 5.5 
Perylene 19 3.79 2.6 10.1 0.8 1.41 
Triphenylene 53 6.0 5.1 14.3 7.4 4.9 
 
Predictive capabilities of the UNIQUAC model: As mentioned in the previous section, in order to evaluate the 
predictive capabilities of the UNIQUAC model and to overcome the over-fitting problem which may alter the model 
generalization capabilities, solubility data for each component were split into two sets. The first set of solubility data 
obtained from randomly sampling 70% of the experimental data, served for the optimization of the model adjustable 
parameters and for training the model. The second set of solubility data was then used to test its predictive 
capabilities. Table 7 summarizes the key information on the two data sets, namely, the training and the test data sets 
together with the correlation and prediction results. This table lists the number of solubility data points used for each 
component and the AARD values obtained for both the training and the test data sets. To assess the predictive ability 
of the model, the two AARD values were compared. To be predictive, the model should respect the following rule: 
the AARD values for both data sets should be of the same order of magnitude for each component. Table 6 shows 
that the AARD values obtained for the test data set are in accordance with those of the training data set and are of 
the same order of magnitude, this implies that the UNIQUAC model do not show any over-fitting problem or over 
prediction of the experimental solubility data. Therefore we can conclude that te predictive ability of the proposed 
model is well demonstrated.   
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 Table 7: Prediction Capabilities of the UNIQUAC model     
 Training data set                     Test data set 
Solute N AARD (%) N AARD (%) 
Acenaphtene 31 8.2 14 11.3 
Anthracene 157 17.0 67 16.4 
Fluoranthene 49 12.7 22 14.0 
Fluorene 112 9.0 46 7.0 
Naphthalene 199 19.8 86 19.6 
Phenanthrene 208 15.3 89 17.8 
Pyrene 172 7.4 73 6.6 
Perylene 13 2.2 6 2.2 
Triphenylene 37 5.5 16 4.8 
   
Moreover an attempt has been made to predict the solubilities of mixed polycyclic aromatic compounds in 
supercritical carbon dioxide. In this case experimental solubility data provided by Kosal and Holder [14] for mixed 
anthracene and acenaphtene in supercritical CO2 were used. Since the solubility data for both solutes in the 
supercritical CO2 were negligibly small, it was assumed that the density of the supercritical phase was that of the 
pure solvent, and the activity coefficient of each solute is the one at infinite dilution. In this case the only interaction 
parameters that are taken into account are those of anthracene-CO2 and phenanthrene-CO2. Therefore predicted 
solubilities were estimated using equations (6) to (13b) and interaction parameters for both anthracene and 
phenanthrene listed in table 6 were directly implemented to estimate the solubility of each component in the 
mixture. Figures 1a and 1b show a parity plot of the experimental versus predicted solubility data of mixed 
anthracene and phenanthrene in supercritical CO2 for two different temperatures, i.e. 308 and 318K. The 
determination coefficients R2 are equal to 96 and 99% for anthracene and phenanthrene respectively. These figures 
show good agreement between measured solubility data and predicted ones and confirm predictive ability of the 
UNIQUAC model.  
anthracene solubility
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Figure 1a Figure 1b 
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5. Conclusion  
On the basis of published literature data, an exhaustive solubility database for ten polycyclic aromatic pollutants in 
supercritical CO2 was built.  This database consists of more than 1400 solubility data collected from 35 references. 
Using this database a model based on the expanded liquid theory was developed to predict the solid solubility, where 
the activity coefficient is obtained through the UNIQUAC model. Comparison between four existing literature 
correlations and the proposed model was justified using comparative criteria. The UNIQUAC model results in an 
average absolute deviation error of 12.6% on a whole database. This performance is similar and sometimes superior 
to the literature correlations. The advantages of this model include the following: it does not require the knowledge 
of critical properties of solid solutes and does take into account the binary interaction between solid solute and 
solvent. Moreover solid solubility predictive capabilities of the proposed model was well demonstrated both for 
solid-solvent and mixed solids-solvent systems.  
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